Moisture in the form of humidity has a significant impact on the operation of photovoltaic (PV) cells and panels. Moisture is often diffuse through the encapsulant film (Ethylene Vynil Acetate (EVA), Poly Vinyl Butyral (PVB), Poly Vinyl Fluoride (PVF), Polymethyl Methacrylate (PMMA)) or the breathable back-sheet. Moisture is known to accelerate the degradation and reduce the performance of a PV while operating in a wet environment. Due to the high cost and the time needed to performed such studies, SCAPS 1 D is widely used to simulate and estimate the operation of PV. In this work, we showed the effect of moisture on the operation and performance of a PV, made from monocrystalline silicon. Namely, the influence of defects and impurities generated by moisture was investigated. We studied the simultaneous effects of Silanlols (Si-OH), Hydrogen ions H + , and the metallic ions generated from the corrosion of contacts, encapsulant and transparent conducting oxide (TCO) when there is production of acid (Al 3+ ; Zn 2+ ), or from dust (Fe 3+ ). The numerical simulation showed that : starting with PV cells without moisture, the Fill Factor (FF) and the Power Conversion Efficiency (PCE) drop respectively from 82.80 % to 81.78 % and 18.57 % to 11.46 % , when there is moisture in the cell and PVB used as encapsulant. Further degradation of parameters was observed, when the moisture leads to the production of acetic acid on the EVA, or when there is dust having iron (Fe). FF and PCE were further dropped to 79.20 % and 7.04 % respectively, using the same initial photovoltaic cells. Furthermore, a net decrease in key electrical parameters of the PV was observed throughout the study, with maximal power ( P max ), the short circuit current ( J S C ), the current density at maximum power J MP reducing by more than 50%. This study paves the way for the improvement of performance, and the understanding of degradation process in panels used in wet environments and tropical area.
Introduction
The search for cleaner, sustainable and environmentally friendly power sources has led to the ubiquitous development of PV module in recent decades [1, 2] . Despite the overall rapid improvement of PV performance worldwide, their use is not evenly spread across the globe, due to their relatively high cost per kWh compared to other power sources such as hydroelectric, nuclear, coal and wind [3] . As a matter of fact, developing country mostly located in tropical regions, with regular and annual exposure to sunlight, have the lowest penetration of PV technology, despite the high need and the low connection of their citizens to the power grid. It is suggested that a tipping point for the PV technology will be reached when the grid parity will be attained, this means the state when the average cost of a PV module will be equivalent to that of the grid for a given geographical region [4, 5] . In order to achieve that tipping point, Solar cell properties and parameters such as encapsulant, PV materials, desiccant are constantly improving. Moisture often causes an urge challenge in the long-term use of PV in tropical, humid and hot environments. Despite the development made in encapsulating PV module, they still suffer from moisture ingress [6, 7] . Moisture is accentuated in regions with hot and humid climate, and water diffuses faster into the encapsulant film ( Ethylene Vynil Acetate (EVA) or Poly Vinyl Butyral (PVB)) region. It is showed that the rate of PV degradation can be correlated with its quantity of moisture [8] . Moisture is known to accelerate the creation of delamination, back-sheet debonding, obscuration of the encapsulating glass, current leakages, oxidation of the metallic contacts. Moisture also accelerates corrosion and affects the series resistance of the junction, create more ingress paths, lead to the reduction of power and ultimately to the failure of the module [9, 10, 11, 12] . The practical determination of the PV module degradation due to moisture is usually done according to the IEC 61215 standard, usually via dump-heat or using solar tester module. The degradation due to moisture is made on real modules, with expensive equipment, often time-consuming and requiring a certain level of expertise to be completed.
The advent of electronics simulation tools about half a century ago, marked a turning point in the field of materials and devices since they significantly contribute to cost saving, devices improvement and optimization of parameters in various aspect of the manufacturing process, operation and rating. In the years 2000, Burgelman et Al. Launch the development of now a very well acclaimed Solar Cell Capacitance Simulator (SCAPS) [8] . SCAPS is a one-directional based windows simulation program developed for cell structures of the CIGS, CuInSe 2 , CdTe, crystalline and amorphous Si and GaAs family [13] . Despite the fast development and the improvement of perovskite, and CIGS solar cell efficiency, mono and polycrystal silicon solar cells are still the most use to date in the production of PV, thus the simulation of their ageing or operation alteration due to moisture is well-deserved. SCAPS offers a wide variety of parameters that can be investigated in dark, light, and variables temperature, this includes the fill factor (FF%), the quantum efficiency (QE%), capacitance-voltage spectroscopy C(V), open circuit voltage (V OC ), short circuit current density (J S C ), capacitance frequency spectroscopy C( f ), current densities etc [14] .
In this paper, SCAPS is used to simulate the effect of moisture on a monocrystalline Silicon-based PV. In that regards, the electrical behaviour of the semiconducting material will be investigated once the moisture/water reached the material. The state of the art parameters will be used in this study, the quantum efficiency, maximal power, current density and other key electrical parameters would be studied. The chemical mechanism of moisture production and metallic elements would be discussed in order to clearly explain the degradation of PV expose to humidity or used in tropical climate. This study will provide an insight of the moisture effect on the electrical and operational behaviour of the solar cell under a prolonged variation of humidity.
Chemical consideration and moisture modeling
For this study, a simplified model of a photovoltaic module was made, the essential layers needed for the efficient and optimal operation of the PV was considered. 5 layers module was chosen as shown in figure 1 . The top layer of a PV is made of a glass, which serve as a protection for other materials against factors including radiation, water, impact, in such a way that their efficiency and operation is not altered quickly. In our simulation, we considered the widely use two types of encapsulants, either the Polyvinyl Butyral (PVB) or the Ethylene Vinyl Acetate (EVA). The solar cell was considered in this study to be made of (TCO) on zinc oxide (ZnO) forming a junction with silicon (Si). The last layer was made of either EVA or PVB.
The glass layer being impervious, the infiltration of moisture is done in the long run through the module sides. The contact of moisture with the two types of encapsulants (EVA, PVB) yield to different processes, as shown in the following subsections.
Poly Vinyl Butyral (PVB) used as encapsulant
Previous studies demonstrated that, water slowly diffuse through the PVB as temperature [15, 16] increases, however the PVB polymer does not react with water molecules. Once the droplets of water reach the semiconductor in a form of humidity, a number of chemical reactions will occur due to the interaction between water and the semiconducting cells. The water molecules initially dissociate according to the reaction 1
The hydroxide ions OH − attach their hanging bonds at the TCO/Si interface and at the vacancies levels in the bulk to form silanols [17, 18] :
Other silanols are also formed at the TCO/Si interface by hydration of the S i − H bonds resulting from the hydrogen passivation of the hanging bondings. This produces more H + ions as shown in equation 3
The hydrogen ions (H + ) resulting from the self-ionization of water molecules in equation 1 and those resulting from the hydration of the Si−H bonds as shown in reaction 3 mostly enters in the silicon interstices. However, some of those ions hydrogen react with silanols yielding to an amphoteric character as shown in reactions 4 and 5
Ethylene Vinyl Acetate (EVA) used as encapsulant
Similarly to PVB, EVA is known to permit more water diffusion with a rate between 0.05 to 0.13 % [15, 16] . Additionaly, the EVA react with water molecules, so the molecules of water will react with the polymer to form acetic acid according to the reaction shown in reaction 6
The acid subsequently attacks metallic contacts and to form metal acetates as described in reaction 7
Thus, at the level of the semiconducting material of PV cells, the molecules introduce metallic impurities in the bulk, in addition to the defects which occur in the case of PVB.
Subsequently, to the equation describes above, the model of figures 2 and 3 were used to further explain the chemical mechanism involved. In figure 2 we modelled the different changes arising in the lattice structure of the material. In figure 2a we assume that the surface there are hydrogen (Si−H) due to passivation, and some hanging bonds not passivated. Additionally, there could also be a presence of hydrogen, vacancies, and other minor defects from the bulk material. The reactions of equation 2 and 3 lead to a production of silanols as shown in figure 2b , the Hydrogen ions from reactions 2 and 3 will easily go to the interstice, since they have a smaller radius.
When EVA is used as an encapsulant, metallic ions may be generated according to equation 7 as shown if figure 2c. The metallic ions, for instance, Al 3+ and Zn 2+ , when aluminium is used as contact and ZnO as a donor layer respectively, will fill the vacancies according to their size. In a tropical area with a presence of dust and high occurrence of rainfall, the presence of Fe 3+ should also be considered, given the high presence of these ions in the dust in those regions. The modification of the lattice structure also leads to the modification of the band diagram as shown in figure 3. Defects and impurities from previous reactions, introduce energies levels in the band gap. Namely, the energies levels due to hydrogen (Si−H) and dangling bonds (Si−) in figure 3a disappeared, and there are new energies levels as shown in figure 3b and 3c. In fact, in figure 3b, the levels due to Si−OH and H + , replace the previous level due to Si−H (hydrogen) and S i− (dangling bonds). In figure 3c , the metallic ions which occur when using EVA (Al 3+ and Zn 2+ ), or from dust (Fe 3+ ), add more levels (corresponding to each ion) in the band gap. 
Simulation details
The fast development of PV technology has also led to an increase in a number of simulation models and tools used to predict and approximate the operation of monocrystalline, polycrystalline and amorphous materials based solar cells. Amongst these models, the SCAPS simulator stands amongst those with advanced algorithm taking into account the higher number of parameters [19, 20] . We used as absorber a mono-crystalline pdoped silicon, whereas the buffer was taken to be a monocrystalline n-doped silicon and the window layer was made of ZnO, the contacts were made of aluminium which made a non-rectifying junction with the semiconducting layers. The schematic of the structure used for this simulations is presented in figure 4 . This structure was input in the 3.3.00 version of the SCAPS software using the well-known convention, the light illumination was taken from the front contact, at a light power of one sun (1000W/m 2 ), with a transmission of 100 %. Various parameters were used during this simulation, most parameters were obtained from the literature [21, 22] , with few parameters, reasonably estimated. the data of table 1 shows the parameters used for the doped silicon and the ZnO used throughout this simulation.
According to our moisture modelling explained in figures 2 and 3, three situations were simulated: Without moisture, with moisture and with moisture containing metallic ions.
First of all, we simulate the situation without moisture. In this case, as explained above, we assumed that we have two defects: Si−H (which was hydrogen bound) and Si− (which was vacancy). These defects were registered as neutral with a uniform density. The capture cross-section of electrons and holes were respectively 1.0 ×10 −17 cm 2 and 1.0 ×10 −18 cm 2 for Si−H; and 1.0 ×10 −16 cm 2 and 1.0 ×10 −14 cm 2 for Si− [21, 22] . The activation energy for Si−H was 0.39 eV [21, 22] . For Si−, the activation energy was 0.47 eV [21, 22] . The values of the densities used are recorded in table 2.
Secondly, we simulated the situation related to moisture ingress while using an encapsulant like PVB, which does not react with water. According to reactions 2 and 3, the previous defects (Si−H and Si−) were replaced by Silanol (Si−OH) and (H + ) as shown in figure 2 . during the simulation, the (H + ) was introduced into the bulks regions as a single donor. The capture cross section of electrons and holes were 1.0 ×10 −14 cm 2 and 1.0 ×10 −16 cm 2 respectively [21, 22] . The activation energy was 0.68 eV with respect to the highest level of the Valence Band [21, 22] . Silanols (Si−OH) introduced at the interface of ZnO/Si as a neutral defect, and as an amphoteric defect in the bulk material according to the reactions 4 and 5. The activation energy was 0.25 eV with respect to the highest level of the Valence Band [21, 22] [21, 22] at the interface ZnO/Si, similar parameters were also used in the bulk material. Throughout the simulation a linear gradient was used to characterized the densities of defect as shown in table 3 The case of moisture ingress in PV encapsulated with EVA was simulated. In this simulation case, besides the (Si−OH and H + ), metallic ions such as Al 3+ ; Zn 2+ and Fe 3+ were added to the simulation profile as described in chemical consideration section. From the simulation of cells where the PVB encapsulant was used, were kept at their positions at different interfaces using the densities previously used.
The We simulate at 300 K, with a constant series resistances of 0.1 Ω.cm 2 and shunt resistance of 1.0 ×10 30 Ω.cm 2 . Throughout this simulation, the radiative and Auger recombination was not taken into account. But the Shockley-Read-Hall (SRH) recombinations were accounted for, using the model of PV impurity in [23] .
Results and Discussion

Effects of moisture on Spectral Response
In figure 5 we showed the spectral responses, describing the evolution of quantum efficiency with the varying wavelength for solar cells without moisture, with moisture, and with moisture containing metallic ions. Figure 5 shows a net loss of quantum efficiency (QE) when the moisture ingress in the semiconducting material. The losses are increase when there is a presence of metallic ions in the moisture. This leads to a significant loss of electrical performance and power output during the operation. This could be justify by the fact that, by modeling the moisture as defects and impurities in the semiconducting material of (figure 2), there is an introduction of energy levels in the band gap as described in (figure 3), the moisture henceforth creates several traps and recombination centers which lead to the modification of the properties of the cells. The traps and recombination centers reduce the diffusion length and the carriers lifetime, hence the losses in quantum efficiency. Those results were corroborated by the study done by Babaee et Al [24] on the popular simulation software SILVACO with monocrystalline silicon.
The top curve of figure 5 shows the spectral response of a monocrystalline silicon PV cell, with a noticeable decrease from around λ =650 nm due to higher reflectivity and an increase in surface recombination. A sharp decrease is also noticed around the radiation with λ =400 nm. This observation is due to the fact that, silicon is a semiconductor with an indirect band-gap, therefore short wavelengths are absorbed mostly in shallow depths and long wavelengths mostly enter more indepth before their absorption [25] . We noticed a significant change in the spectral profile, as the moisture goes into the cells. Below λ =400 nm, there is no detectable radiation, a stiff increase is observed from 400 nm to 600 nm, while the QE for the cells with moisture continue to increase to reach their maximum around λ =800 nm in our study. For the case with metallic ions a maximum is reach around λ =650 nm, then the decrease of QE is further observed. Thus, there is a net lost on QE between the three states moisture free, with moisture, and moisture with metallic ions. This would translate into a significant loss of electrical efficiency or power when the PVs are operated with moisture in general and with a presence of metallic ions in particular. Figure 6 shows the variation of current density with voltage under light condition. The top plot correspond to the case without moisture, the middle plot being for the case with moisture and the lower plot for cells with moisture and the presence of metallic ions. Key parameters found during this study are presented in table 5. 
Effects of moisture on IV
ZnO/Si
Si n-doped Si n-doped Table 4 : Densities of metallic ions (Al 3+ , Zn 2+ and Fe 3+ ) in the bulk when the cell has EVA as encapsulant. The density of each ion decreases from 1.0 ×10 16 cm −3 to 1.0 ×10 14 cm −3 in the layer Si n-doped, and from 1.0 ×10 14 cm −3 to 1.0 ×10 2 cm −3 in the layer Si p-doped. The curves on figure 6 shows that, from the curve of a moisture free cells, there is a drop of almost 30 % in the current density when there is moisture in the cells, and that decrease is more than 50 % when we have a presence of metallic ions in the moisture.
The change of capacitance and conductivity with the voltage in figures 7b and 7a respectively emphasized the changes that could occurred in the material while being operated in a humid environment with the presence of metallic ions. The curves also imply an increase of the series resistances which are due to the modification of contact at the interface between the materials and the metallic contacts. This could be justified by using the sphere model, which stipulate that both the carriers and the moisture could be considered as spheres [26] . Therefore, it will be harder for the carriers to move inside the network due to the presence of moisture presented here as other spheres. The "slow-down" of carriers lead to the increase of series resistance and the ideality factors. That yield to the decrease in fill factor as shown in table 5, so it is reasonable to say that, the presence of moisture and metallic ions reduce the FF, hence the performance of the PV module. These results are corroborated by the experimental work done by Weerasinghe et Al [27] .
We further demonstrated with the results in table 5 that there is a drop on short circuit current J S C and power conversion efficiency PCE, this is possibly due to the decrease in the generated and collected photo-current related to moisture ingress in the cell. That was due to the creations of traps and recombination centers as mentioned earlier, those phenomena usually reduce the carriers diffusion length, hence the drop in the value of these parameters. The drops in those parameters ultimately lead to the deterioration of the functioning point and the decrease of maximal power as shown in table 5. Table 5 also shows the decrease on Open Circuit Voltage (V oc ). In fact, during the traps and recombination process there is a net reduction in the quantities of carriers in the Cells's network. Therefore, V oc decreases. However, previous study [27] did not notice a significant change in open circuit voltage related to moisture ingress in the cells in the case of thin-film PV.
In overall it could be said that metallic ions potentially add more traps and recombination in the semiconducting materials, therefore leading to more deterioration of the cells. So, it could be said that the decrease of all photovoltaic parameters are enhanced by the presence of metallic ions as shown throughout this work.
Conclusion
In this paper, the influence of moisture on the operation of a mono-crystalline based silicon photovoltaic cells was studied using SCAPS software. The moisture was modelled by defects and impurities generated from the reaction between the water and silicon. So, silanol Si−OH and hydrogen ions H + were used as impurities. Further investigation was performed while metallic impurities such as (Zn 2+ , Al 3+ , Fe 3+ ) coming from dust and other elements such as encapsulant, TCO and metallic contacts. It was established from a chemical consideration that the degradation of the cells due to moisture also depend on the type of encapsulant as the use of EVA or PVB gave different degradation processes.
By analyses of the three cases where the PV module was operating moisture free; with moisture; and with moisture having metallic ions, it was established that there is a significant loss or reduction on the PV parameters with the apparition of moisture and metallic ions. For instance, a power loss of more than 50 % was observed. This work has proven to be useful on predicting the degradation of a PV module based on the type of encapsulant used, therefore, these results could help on choosing the types of encapsulant more suitable for the tropical, humid and rainy environment. Namely, this work can also be useful for the production of efficient cells in wet regions, by helping in the choice of the encapsulant that minimises the production of metallic ions.
It is understood that further study in this direction using the most widely used type of Cells such as CIGS, CZTS, and organic cells will also help to better understand the operation and degradation mechanism of those type of Cells while use in the wet and humid environment.
